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We experimentally demonstrate stable and user-adjustable single-photon interference in a 1 km long fiber-
optical Mach-Zehnder interferometer, using an active phase control system with the feedback provided by a
classical laser. We are able to continuously tune the single-photon phase difference between the interferometer
arms using a phase modulator, which is synchronized with the gate window of the single-photon detectors. The
phase control system employs a piezoelectric fiber stretcher to stabilize the phase drift in the interferometer.
A single-photon net visibility of 0.97 is obtained, yielding future possibilities for experimental realizations of
quantum repeaters in optical fibers, and violation of Bell’s inequalities using genuine energy-time entanglement.
c© 2018 Optical Society of America
OCIS codes: 060.5565, 060.2310, 260.3160.
Research in the distribution of single-photons over long
distances in optical fibers with high-fidelity is of great
interest, with practical applications in quantum commu-
nication [1] and in more fundamental physics such as
tests of Bell’s inequalities [2]. More recently the need
for long-distance distribution of single-photons in an in-
terferometric configuration has arisen, focusing in some
quantum repeater protocols [3], quantum key distribu-
tion [4] and fundamental tests of Bell’s inequalities [5].
The interference of single-photons is routinely per-
formed on optical tables, however, it is still a challenge in
long-distance fiber optical interferometers. All interfer-
ometers are sensitive to path-length fluctuations leading
to a change in the optical intensity as a function of time
at the output of the interferometer. It is well known that
I ∝ 1 + cos[∆φ], where I is the optical intensity at one
of the output ports of the interferometer and ∆φ is the
phase difference between the two arms [6]. In the case
of long fiber optical interferometers we should empha-
size that ∆φ is heavily dependent on the environment
and its rate of fluctuation can be in the kHz range [7].
Nevertheless, in spite of these difficulties, stable classical
and single-photon interferences have been demonstrated
in long fiber-optical interferometers [9, 10].
In this letter we demonstrate for the first time, to
the best of our knowledge, stable single-photon inter-
ference in a long interferometer in a fiber optical Mach-
Zehnder (MZ) configuration. Such an interferometer is
of great interest for quantum repeaters [3] and viola-
tion of Bell’s inequalities employing genuine energy-time
entanglement [5]. For the test of Bell’s inequalities, a
controllable phase shift between the interferometer arms
is necessary to perform Alice and Bob’s measurement
choices [8], which we are able to demonstrate in our ex-
periment, using a phase modulator synchronized with
the single-photon detectors. Our scheme is also an im-
provement over [10] since we are able to provide a true
continuous tunable phase-shift.
The experimental setup is shown in Fig. 1. One ex-
ternal cavity tunable laser operating in continuous wave
(CW) mode, set at λPH = 1547.72 nm, is used to pro-
vide feedback to the active phase stabilization system.
Its output spectrum is filtered using an optical circula-
tor together with a fiber Bragg grating (FBG) designed
to reflect λPH in order to remove the amplified spon-
taneous emission from the laser, which would otherwise
fall in-band within the single-photons wavelength. The
single-photons themselves are generated by an attenu-
ated distributed feedback (DFB) laser also working in
CW mode, with center wavelength λQ = 1546.12 nm.
The optical attenuator is adjusted for an average photon
number at the input of the interferometer of 0.1 pho-
ton per detection window. Both lasers occupy a chan-
nel (henceforth referred to as the classical and quantum
channels) in the 100 GHz dense wavelength division mul-
tiplexing (DWDM) grid, such that they are located 200
GHz apart. They are both combined in a DWDM multi-
plexer with 1.6 dB insertion loss, and > 40 dB isolation
between adjacent 100 GHz channels. The combined fil-
tering between the FBG and DWDM provides > 100
dB isolation between the classical and quantum chan-
nels, which is enough to avoid cross-talk based noise from
reaching the single-photon detectors.
The MZ interferometer is composed of two 50:50 fiber
couplers and two single-mode optical fibers in a 1 km
spool. Both fibers are inside the same rugged commer-
cial cable, composed of 6 single-mode and 6 multi-mode
fibers. The thick cover provided by the cable helps to
shield the interferometer from acoustic, mechanical and
thermally induced vibrations, and it is more similar to a
real installed fiber cable when compared to a typical lab-
oratory fiber optical spool with just the primary coating
applied. After the second 50:50 coupler, a DWDM de-
multiplexer is placed at output port A and splits both
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Fig. 1. (Color online) Experimental setup. Solid lines
represent optical fibers and connections, dashed black
lines stand for electrical cables and red dashed depicts
free-space. ATT: Variable optical attenuator; D1 and D2:
Single-photon counting modules; DWDM: Dense wave-
length division multiplexer; FBG: Fiber Bragg grating;
FPGA: Field programmable gate array; FS: Piezoelectric
fiber stretcher; PD: Photodetector; PM: Electro-optic
phase modulator. Inset shows the counts/s at D1 when
changing the relative delay from the pulse generator to
the single-photon detector.
wavelengths. The optical intensity of the control signal
λPH is monitored with photodetector PD, which has a
bandwidth of 1 MHz. The single-photons (λQ) exit the
DWDM and pass through another circulator + FBG,
but this time centered at λQ, whose purpose is to filter
out photons leaked by cross-talk in the demultiplexing
procedure. At the other output port of the interferom-
eter (B) an exact identical filtering combination is used
for the single-photons. The total filtering bandwidth in
the quantum channel is ∼ 50 GHz. Raman spontaneous
scattering is not a limiting factor in this experiment due
to the 1 km length of the optical fiber and because of
the low - 17.0 dBm launch power of the classical control
channel [11].
The interferometer is phase-stabilized by maintaining
the optical intensity of the classical feedback signal at
PD constant and in quadrature [10], using a commercial
piezoelectric fiber stretcher. The electrical feedback de-
tected signal is processed using field programmable gate
array (FPGA) electronics with a proportional-integral-
derivative (PID) algorithm, and is then amplified by a
custom home made electronic driver, and connected to
the stretcher, thus closing the feedback loop. The high-
est natural frequency component of the optical intensity
fluctuations at the output of the interferometer, as meas-
ured with an oscilloscope, is in the order of 100 Hz. Our
control system has a maximum frequency response, as
limited by the fiber stretcher, of ∼ 5 kHz, which is suf-
ficient to phase-lock the 1 km interferometer.
The single-photons are detected by two InGaAs single-
photon counting modules D1 and D2, working under
gated mode [12], with 2.5 ns gate window, an overall effi-
ciency of 15% and a measured dark count probability per
gate of 9.33× 10−6 and 4.14× 10−5 respectively, at 166
kHz repetition rate. The length mismatch of the interfer-
ometer is adjusted using a free-space delay line combined
with an optical circulator, with a total incurred loss of 3
dB. For this balancing procedure a low coherence light
source replaces the classical feedback signal at the in-
terferometer input, and the filtered interference fringes
are measured at PD, balancing the arms within 1 mm,
which is much less than the coherence lengths of the
single-photons and the classical feedback signal.
In order to provide an adjustable phase difference be-
tween the two arms, we perform the following: we write
that the optical intensity at the output of the interferom-
eter is I(t, V ) ∝ 1 + cos[∆φ(t) + ∆ϕ(V )], where ∆φ(t)
are the phase fluctuations caused by the environment
and ∆ϕ(V ) is the adjustable phase conditioned on a pa-
rameter V . Since the control system is able to keep the
interferometer phase stabilized, the optical intensity is
independent of ∆φ and of time. By implementing a phase
shift that does not disturb the control system, this shift
can be made to be adjustable. This is done through a
telecom electro-optic phase modulator (PM) in one of
the interferometer arms. A generator creates 10 ns wide
electrical pulses that drives the PM, therefore causing
a phase difference between the interferometer arms in a
time scale much faster than the natural oscillation of the
interferometer and the frequency response of the phase
stabilization system. Therefore with the phase control
active we have I(V ) ∝ 1 + cos[∆ϕ(V )] where V is the
voltage applied to the PM.
Clearly we need to synchronize the detection system
with the imposed phase difference pulse ∆ϕ. This is quite
straightforward in many quantum communication exper-
iments, when working with gated detectors, such as in
our experiment. An electronic delay generator (DG) is
triggered by the pulse generator, and two of the DG’s
outputs are connected to D1 and D2. The inset of Fig.
1 shows the shape of a typical modulation pulse as de-
tected at D1 when applying maximum driving voltage
to the PM and changing the relative delay between the
pulse generator and the detector. The observed “ringing”
effect after the main pulse is due to a slight impedance
mismatching in the phase modulator, and it does not af-
fect the experiment, since the 2.5 ns detection window
is placed in the beginning of the pulse. The total delay
needed to synchronize the modulation pulse with the de-
tectors is ∼ 5.8 µs, which limits the repetition rate that
the system can work on to ∼ 166 kHz.
A manual polarization controller is placed before the
PM in order to obtain maximum depth of modulation,
while a second one, placed in the other arm, is used to
obtain maximum visibility of the interference fringes. We
observed no significant polarization drift during a time
scale of several minutes. We also verified with a polarime-
ter that the driving voltage applied to the fiber stretcher
does not change the output state of polarization (SOP)
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significantly. Another manual polarization controller is
placed at the output of each laser in order to have iden-
tical input SOPs for both channels, in order to facilitate
alignment of the experiment. We first adjust the SOP
overlap at the second 50:50 coupler to be near unity,
and the PM to obtain maximum probability to detect
single-photons at one of the detectors (∆ϕ = 0 or pi).
We then record the number of counts per second from
both detectors and plot the raw results in Fig. 2. After
approximately 250 s the phase stabilization is turned off,
demonstrating its effectiveness. The average net visibil-
ity (subtracting the dark counts of the detectors), which
is defined as V = |(C2−C1)/(C2+C1)| where C1 and C2
are the counts per unit of time in detectors D1 and D2
respectively, for the period of time until the phase con-
trol is turned off is 0.971±0.021. The increased observed
dispersion in the curve for D2 is mainly due to the statis-
tical fluctuation of the photon detection process. After
the phase control is turned off, the lower contrast in the
single-photon interference fringes is due to the 1 s inte-
gration time of the detectors.
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Fig. 2. (Color online) Detected counts per second in both
D1 and D2 with the phase control active and the system
aligned. At around 250 s the phase control is turned off.
In Fig. 3 we plot the counts per second as a func-
tion of the driving voltage in the PM, up to a maximum
possible voltage of 6.8 V. Each measured point has an
integration time of 10 s, with the results displayed as
the average number of counts per second. We clearly ob-
serve that it is possible to perform continuous tuning
of the phase difference between the two arms using the
phase modulator.
We have shown stable and adjustable single-photon
interference with a 1 km long MZ fiber-optical interfer-
ometer, obtaining constant 0.97 net visibility over several
tens of seconds. Longer stability is possible by providing
better thermal insulation to the components placed out-
side of the fiber spool, using components with shorter
pigtails as well as employing a faster actuator, creating
possibilities for a real field trial. To the best of our knowl-
edge this is the first time that user-adjustable single-
photon interference is obtainable in such a long distance
interferometer. The same level of adjustment in the in-
terference is possible with classical light, as long as syn-
chronization is provided between the phase modulator
and the detector. Our results open up new experimental
possibilities in quantum communication requiring phase
stabilization in long distance MZ interferometers, such
as quantum repeaters and fundamental tests of Bell’s
inequalities using genuine energy-time entanglement.
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Fig. 3. (Color online) Photon detections at D1 and D2 as
a function of the phase modulator driving voltage. Solid
lines demonstrates the theoretical fit to the data. Error
bars represent the statistical fluctuations of the detection
process.
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